
-a.

----

TECHNICAL NOTES

NATIONAL ADVISORY COMMIZ?T.EZ FOR

. .-..
-.. .— ,-. --”

-.. <.. .. .

—“-’ --” ”--”---

No. 92.1
—.———

w,. . -+-,,> -[-”-
S =-# * = ., .;.

i’.””~ .“{ ““3.--
/.

“%--
.-—-’—- - -—-.

7%%“-. —.
&-..- —.‘ - -+: ~-

... .— ____

.. .. -—-

--””““”--”-”
J ., —..

,:i

.

SOME INVESTIGATE ONS OF THE GENZRAIj INSTA.B~LITY ‘

OF STIFFENED METAL CYLINDERS

VII – STIFFENI!D METAL CYLIliiERS SUBJECTED

TO COMBINED BENDING AND TORSION

Guggenheim Aeronautical Laboratory
C&l Lfornia Inetitute of. Technology ‘

‘CLASSIFIEDEOCD’MX~ -
~AcA~%ti~~.

This doo
?

~~~~lflt @32mm~
nt contains,.classifi-w <’E*;z@R#——

information\ affecti~ %he National ~$z:.-}*.”
Cefenseof the United”States within k..,<

khe ineaning

‘“\-””””-

thq-’Espiotia&Act”, —

USC 50:31and .:’Itstransmission.
or the revelati of its contents \
in any manner~’t enby~th;;;;;d

f
personis pr ibit .
mation so 0$ ssifie may be impart-
ed only toi~persons the military Washington
and navx Services f the United ‘Ngvember 1943
States.ZauDropriatec vilianoffi-
oers &d &pl&yees

1

0 the Federal
Gover-gmentwho have a legiti=te
intefest therein, and to United
Staten citizensof kno loyalty
and discretion who of necessity

4mr@ be informed ther ~.

#

-. ,=,... ‘.-; ., .? —:-- .-: -
.... .-=-.. n , ._=+_=

:.—J - --- . -.-,

—.. = .?>..

.
‘. -.-.

.’
. . !.



.,. .

.-w

NATIONAL ADVISORY COMMITTEE NOR AERONAUTICS

-—-— -.

,. . . TECHNICAL NO?Z!lNO”.,911 . “.’‘ ___ -;=;_j-,... ...
. . .. . . . .’

—-. —
-. .

,. . .

OF ST”IFF~NED !-f.dT-4L.CYLINDERS
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,, TO COH31NED 3ENI)ING Ai7D T03SION
,.,

Guggenheim Aeronaut ical L.aloratory

California Institute-of Technology

This is the seventh Of a’$eri.es of reports
covering an investigation of the general
i.nstabilit.y pr oblem by the California Xnsti-
tute of Technologyc The” first five reports
of this series cover investigations of the “~
general instability protilern Uder the 10ad-
,ing. conditions Of ?Oure bendini and were
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pr;pared under the- s”ponsorshi~ “of;the C-ivil -
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Aeronautics Administration. This repor$~..a~d _____ .~~ ‘.~_
s~~cceeding reports of this series ,cover-the ..-_ “-
t~ork done on” other loadi,~g conditicsn8 utidiir
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SUMMARY =.-——._-...

,

This report su~marizes the work that has been ‘
--
.-*-=

carried on in the experimental invest igat ion of the pr ob- ‘“’----”-–-~:-’
lem of the general instability of Gtiffened metal. .c.yl– ‘
ind.ers subjected to combined bending aad to”rsion “at the ;-:-i-~
C, IaT. I!his part of the investigation included %ests oti ‘“”-’-=.““;.
26 sheet-covered. specimens. ‘An interact i<;ric-tir”vef oi‘...the““‘“--=‘.+:
case .of combined bending and ‘torsio’~ is–-tiresente-d. The _ =~-:~—
resul.~s o-f tests af 17 ypecimens subject; d to “pura”torsian

/r-

.....+-.

are. also given.
. . . ..-.-.—- .“.:-

--— -. =:.——-.=..”,..--—-.
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INTRODUCTION .
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It is intended to give
..

in this report a summary of ; ‘“‘-}:
the experi.rnental invest i.gation of the general .ins”t’ab”i~ifj- ‘“”””;“.------,..
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of~t iffened metal cylind~”r$’ subject-ed to combined bend—
ing and torsion. The earlier wor”lrat the O. I.T-. on the
problem of the g~neral””iti~t~b-~l”ityof stiffened metal cyl-
inder~, has been r,eported in refetiknces;”l,. “2~ 3, 4, 5, and
6* A total of 26 sheet-covered s>e”cimens has been tested
to determine the effects .of comb.insd loading and bending
plus torsion, and an additiofial 17 specimens have been
testnd $g de,t.ermine the ‘,effe’c.ts’o? a pure toti~ion load.
In the present report, the results of it~ts in comhinad

bending and t’o.rsi.on”are discus se.d.azid the tO$t data Of–
the pure torsfon tests are also included.

..

TESTS IN COMBINXD BXNDING AND TORSION

Testing .&-pparakus●

A complete descriyt.ion, of, the. testing machine used in
I these tests is given :in reference 2.. This “machine (fig. 1)

is adapted to the application of. elthor “pure bondin~ or pure
torsiori or any combination of bending and torsion.

For the,prose tit t,ests, it was ales.ircd to apply a uni-
form bending and unifor~’ torsion Simulta:leomslyi The ratio
,of the two loads was- different for different specim~ns. In
order to apply u~iform’ bending, t-he.moment arm; we~e connf3cted
by an extra flexible aircraft ca>le .atta’ch’edat ono cnd to
a loading screw which. in tern was attached to a loading dyna-
mometer. For the application of u’niform torsion, ono of the
tor$ion arms was fixed tihil.eth~ load was applied to tho arm
‘by means of a loading screw.

. -..

Testing 2roc Qdure “.!

The des”ired loading required a simultaneous applic&tion
of lending and” torsion, tho ratio Qf thb %WO lohds being
ftxed 3y any given. test+ .Dur.ing the applicatl-mn of hny load
increment the ratio or””be.nding t~ torsion was closely .main-
tain~d. This result was accomylishod by preparing a load-
ing schQdul Q for each test and, by calling--out tho bending
load as it was applied, the two operators could ruaintain tho
proper loading ratio,

The axial strain in the longitudinal stiffeners was ‘
measured by means of resistance strain gages cf 16-inch

...— —.
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len”gth~ .~hese’.strafln.gagbs’ were “tioun.ted oh tho nou’tra”l-
akis.,Of’ th@: “St“lff6ners: tind“w“a”ro al%o= “Mdu’n”i’o–i~~in.p&i”r=~=
one on each stda~ of t“’h=s“tiffenor’-”ri.in ;o’rtleY”that’ th~ :
mean roa~ing womld~ %e umdf:f-ected’%y.:%e”tiding.;“Thoso ;tr”ain
meastire.ments were’ tttike”nat the.“c-ente%”o“~ th”e ~-yo~imen ~ ““-“-“

“-tll+tiis , thC” cb”nter of. the -gtrtiin”~age ;was p~”a~redat thb
center’”of the..cyliiider . -

,
“. ..-: ..’ .-. . ● “? -- “’:+”””

Inasmuch as t’.he+pec’ine.tiW’as-siibjnc’tetit-o un”i$orm .
loadings , both l%nding and tot%;’ion, “thb “unit axial s~r.a~i.n _
f or any loading increnent “cari“aiso ‘“e obt,ained by measur-,,
ing the mean s-train over “the””e.n.tire “s’peetm%no The measizrc-
ment’s were obtaine”d by ~easuring the “bver--all ‘deformation
of” the .smocimen bf means -of a dial- gage ‘mounted on a ri~id

.
.—=

.-

.——

—,.-,. —
-“.

r’”od. A ;harp p’oint~d fihtin’g “w”asa;t~ahed t“o one end o.~
the’ rod “and another to t’h”e.di.alplunge r.” Inserting. these “
point ed. f ittirigs “into pti’nchmark; on;t”liemotititing r ing near
the surface of :tho-specime”n al~owti~ consist’dht measurdmonts’ ---
of the over-all. d“efortaa%ion ii’obo. obtai.nod f or’ sac-h “load -

increment.
.... ,, ,.

---“In order “to investigate the c“o’rnplcte“range of the
-r’attos-of !bcndi’ng‘to torsion, a specimen “was first tostod
-u.ntt~r.~ure. -torsioh.:and the rat ia of %bndi~g- to sh-oar‘whs -..—.—

*. t.h’a.n:incr”cased in su%s.oquent tests . The. ultima&o’ str”engtli ‘-
in pure ~%etiilingwas .Ob.ta’ined.fr oLl the exp’e”r-ilnentalcur-VO

—

-of :.thd~.pure bend-ing tests .gi-v~n i~ “refore-n=c=o”‘5B ‘“ J..-

8
L.:. -..—.

.,,, ‘,: — .-—-::-.- ..: .
... ... .. -.. :,:,.

Results of Conbinoci Loading - --”--
....,”,, “. .

:.3?or the i,nve”stigatt~n of combined Iotidifigs o-nly throo —
type%’-of cylindbrs.’werel ‘tested, nanelj, two ~aziti”s-’th~%+
.“he&=4,f,ramo spaclmg of 4 inches and a loxzg~tudinal st if-f-
nes.s spaping of 5~06 and 2.53 inche~” iflw>.ich the fr”~nbs
wece T5 -and tho .Long.itudinals S=; and, ‘a,scrie.s that”
had- a’f.ra.~espacing:. .an& longitudinal stiffness spac”ing. .
of 4.aqd. 2.53 inches , respectively, in whit>. the” i?ramos”
were 3?= and the lonsitudinals S1. The framo en-d.longi-
tudinal cross sections are shown in figuro 2 and tho po–
sit ions of tho dial strain= gaggs is indicated in f iguro “3j ‘
It was felt that thzzeo t~~s. af ..c~lindors Would bo suffi-
cient to dotcrmine the dopendencc of tke failih~ lo-a-don
tho ratio of the combined loacl>ng~ The experimental data
for till test spoc inens are gi~;~n in tabl~ I.

— .-—.“

The compressive unit str,~in.f or the longitudinal “
farthest from tho neutral axis as & function of-the app}ibt–” ““

-.
. —.- ..

.— .- , —__
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bending. moment is shown for tho ?iario~s” icsts i-n:igurcs
+’ tO ,28. The resulting unit strtiin as obtain~d from tho
resistance str~in gag~s and the unit strain obt~ino,d
from the ,dial-g.age measurements are ind,icatcd in each .
figure. Theso results indicate “that, in gonoral, fair
agreement. is o~taine.d’between the”s~ two- typos of moZisuro-
mentsc In only a few tests is t~a. agreement exact.

The variation of the. stiff.en~r strain arownd the
.cir.cumference. as a function” of .thp ap~l ied load is also
shown for a number of “s~ecirn~ris (figs. 4, 5, 7, 8, 11<,.-
12.,,. Z5, and 17) , The circumferential position of the ~~
various gages is, iud idated. in figure 30 The results
of these tests have been ‘gross-plotted i“nfigures 29 t-o
35 to ind”icate the distribution of normal st~ffener .stt’ain
for i.ncr.easin,g l-oad~ as a functiofi “of the distance from.
tha horizontal axis. qha.,r~sult.s of .$.iguro 29 indicato
that the torsional l“oad re suits i~ a secondary compres-
sive strain of nearly c“onstant magnitude, ...

Under e. condition of puro bc”riding, a shif~ in the”
neutral axes towardstho tension side occurs when c.om-
press io.nbuckling oj tho sheet .tak~s place, The seconda-
ry compress ive..strain” cause.s a ftir.thcr s~j:.ft. In par-
tlcullar, whefi the ratio of h.endln~ to torsion is small,
the distribution ofl-s’trai,nwill b~ com~ressive in naturo
ovor the entire spec imom (fig. 30}.e ~hls seconddy com-
pression strain is probably entiro.ly due to the diagonal
tension field that dbvelops in the: sheet covering.

Tho ultimate stress at failuro has been presento-d
in the f orm of the well-known iate”ra.ctiou curves ; that
is, . ufcTo is plotted p,-s~ function of T/To -where a

..is the” normal compression- stress E@ i~iluro’ for comb inod
loading and ffo .is the same stress at. failure. for yuro
bending, and similarly, 7 and To ,are”tho shearing
stresses at failure for combined ‘loading aud puro tars ion,
respectively. Tlio..ehce.rin”g stross~~ are computed by tho
equation . ,“

...”

where . ... .

M applied. torque, pounds” “
.

:-

: ——

.... .
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A arch’ enclosed by the sheet cover ing, -square ,i~~ches

t sheet thickness , inches . ,---- -. ..... .

Two sets of data aro shown, The first set (fig. 36) ‘,-
corrosp.ends to S.tresses as iiteasured by the resistance
strain gage.s and tho so cotid set (fig, 37) to the stresses

..

as obtained” from ”the dial-gage measure tients.
-.

In either
case a considerable amount of scatter is evide”nt. The ‘--:‘~
inte~ act ton equations of the form

..
,- . .

C7. ()‘r\a~,+-—=l’
o To

.—
.“.”. ...-_.-

.(1)

.. - . . . .. . ._

(2)-
,,. ,—._

aro compared with the experimental results. 3’igure”36
indicates that for the ‘resistance stra”in-gage r.a?asure-
ments, abotit two-thirds of the t6st ve,lues-lie” fairly “
C1OSO t.o the curve of” equation (2) ~ whereas .thc major i,ty

of the. dial-gn,g~ measwe~orit s iti~tter .al)out the curve of
equation (1). It should be nottid,that fOr the PUi~ %-en-d- “-
ing “s~ecirne,n(sp~cimon ,,159), the strain a:t f“ailure mc as-
ured by .t.heresistance, strain gages Is cdnsidera~ly lower’
than the s“train of the preced~n~ combined loading Sp-eci-
mons ● Eor this reason a failing strain of 0.0019 was ~~
used to determine O.. ‘llLis vaLue vas o~taine.d froii the
puro bending p.arame~er and agreqs fairly well.with tho

. .._.

.——.

.-

.

.

dial gago r?ading. . .= . ,---=—”..

PURE TORS IOX

So far , the .inyestigation has covcxed the ultimate
strength of reinf orced.’cylinders under- purehcnd.ing and
the inf luence” of co-robined loadings ; that is , co-nbined
bt?nding and tre.nsverse shear and combined bendimg and
torsion. In ordor to use this data for design purposes,
it is still necessary to deter ai.no the ulti-me.te strength
of reinforced cylinders when ltiaded in pure she”ar, that
is , a pur o torsion loading. Tests of this natur-e are

—
-.

.
. .

—

—.
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necessary in order to a% certain the valtie of T/T.
for any given design problem. ‘

An attempt will be made to d~te~’mine a ~uitable
shear parameter in a manner similar to +rlmt-tised to
determine the.pure” bending parame%er. This method
requires a.systismbtic investigation of the va~iables
dealing w.i~k the geometry of the $t.ructue and. t“he
variables that involtie the sectional properties of the
stiffening elements as well as the “sheet covering;
Seventeen pure. torsion tests have leen completed and the
specimens and test. d“ata for these :tests are given in
table’11. Additional testing is ~e-cessar~ before an
analysis of the data can”be’;attem@f?@, - Photographs
(figs. 38 to 44) show ~,number of spgqimen~ after failu-
re. For purposes of comparison, photographs are in-
cluded of specimens in combined hcinding and torsions

..

(.IONCLUSIOW-””’

(}) inasmuch as the” spenfmsn:s hrere ~.uilt and
tested with t’he usua”l care of experimental work, it is
felt that ‘similar structures “built; under production con-
dit-ions would %e ‘subJect to at least the same variations
of ultim~,te streagth as the specimoni that wet.e tested;
The experimental results of the tests in comkinod bend-
ing and torsion are. therefore’eonsidere”d satisfactory
in that they indicate the “lawer”.strength ‘limit which
c’an bo ex~ected- in””prac”t-ice. It is seen fr~n figures
2 and’S thatpeq~tion -(2) described this -lowo~listit
fairly well.” - .-.

(2) Additional testing is necessary” before an
analysis of the data on pure torsi,on can bo attempted.

Guggenheim Aeronautical Laboratory;
California Instttute of Techg~logy,

I?asadena, Califa, Fob; 18,1943-
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of the General Instability of #tiff ened Metal
Cylinders- ~ - Reviewtof Theory and Bibliog–
r“aphy. !r.N. No. 905, NACA, 19430 .

Guggenheim Aeronautical Labor atory, ;California
Institute of Technology. Some I“nv~stiga.tions
of the General Instability of -S”t,iffeae@”Heial .
Cylinders. II - preliminary TeEts:of lvire”-
3raced Specimens a~d ,Zheoreti.cal Studies.
T,l?, NO. 906, EACA, 1943.

Guggenheim Aeronautical ~aboratory, Galif ornia
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of the General Instability of Stiffened Metal
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T.Ns NO,Covered .Specimensi “907 ,‘NACA, 1943.
. ...
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Institute of Technology. Some Investigations .
of the” General Instability of Stiffened lfeta”l
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Sheet-Covered Specimens and- Studies of the Buck- ‘--
ling Phenomena of ~nstiffene~ Circular Cylinders .
T.N. ~Oo 908, NACA, 1943. ...
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.to Pure Bending. .T.X. No. 909, NACA, 1943.
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—.
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Speo-

imen

lq$l
150
151
152
15
15{
155
156
157

159,
159
lW
161

-iE-
163
164
165
166
167
16g
169

g–

172
173
174

sheet

thick-

ness

(in”.)

.010

A

.—

.010
-.—

~,. ..-.

R@ius

(k)
.’

~ 16..

‘i

‘.. .
,.

. . .

.,.
:.

,.. .. .
.,. .

.,, .
-.:

.’
,.

$
16

‘UIBiLEI

00KBI13D 3ENDIi’TG&ill T09SIOE

. .

4----1-
ener spac-

BWg4e . ~
.. .
.- !(fn.)

.,, .

,“.~; “;,~a “~

Lon@tu-

di.nsl

s-pacing

:(in.)
-

- ~.o~

..’.:
,,

.

.

.,,
, ,.
.,, ,..
.).,
,.1.1.2:

++.
..

!

2.53—.-

.,

Torsion Ultimate Ultimate

bending IWnailg torsional

mom ant momsnt

[in--lb) (in.-lb)

?O”ksio; ....0 107OX 102
~jl. s2.16x102 10s0 :
3/1 Zq ~60
2/1 47P “

k “

945 .
l/1 770 . 770
1/1.5 900 600 .
lj2 1000
1/2,5 175 2.; .’.
1/3 :,.’150
173;5 e ‘: ‘“”“;;; ‘“
Ibndtig ~:. ‘ .~o”
1/1.5 qs sg~ ,
lb 1200 .’..240

‘TTrsioq O 300
1/1 %?0 . gzo
2/1 575

1 ;

1150
l/E 390:’ 69.5 .
l/~,- 900. : 633
1/5 25UI” : 5m
1/2 “ 560: Kid
1/1

.?&._ 6;- l%__:
Torsion lc~ .
1/1 9w- 900
1/2 12go
@ .!.wo

$:

-.

I I

Compressive Sheer

strain at dress at

failurs failure

(in./ina) (lb/sqin. )

5.60x 10~4” ‘ 6650
7.64, 6710
7.x2 5340
19,70 5~7!)
13?5.’; :, g7130
14.6 ,’, -3730
1%6 r“! 3110
lg~oq ,“’, 2920
16.2 . .2390
16.7- ;;”:. .220u
115pa ‘“’
lkau,,,:. 362;
16.2” Ibgo
2*12 gogo

I
7.00 , 5100
5.27 7150
10.95 ‘‘“” 4320
14$00 3930
1~.6 3160
12;.5 4970

6520

_& _6@m
7~-

9:75 .’ 5590
14,10 @lo
21.40 2i360

u 9

i,,,,.



Specimen

175
176
177
17$
179
180
la,
1132

W3

la4
1135
u36
lq
lgg

190
191 ‘
192

m *

Sheet

thickness

- .010 ‘
.010
.015
.ol~
.015
.015.
.020
.020
.020
.oX1
.015
.015
.o15
.010
.010
.010
,010

Radi<s

(in;)

16

10
10
10
16

I

i,

i?rsme

1

1

I

MIYE H

PuBE TORSION

Stiffener

i

I%me

spacing

(M)

8

2

16

!

2

1.6

:
2
g

Stiffauer

fl@Jlg

(in.)

2.53
2*53
5.06

I
5.06
5.25
5,25
5*25
10,12
10.12
10,12
10.12

—..—

Ultims,te

torsion

moment

(in.-lb)

$300-

1600
500

750
1090
1700

;;

1350
2335
3go
630
ggo
130
250
410
676

Sheax

stress at

failure

[lb/aq in.)

Q975
9950
2070

L

100

70$
22i0
2870
4200
7210
4030
66go

9w& ‘“

1555
255a
4200

I

i
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l?i~e 44.- Pure torsion.
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.028

6+.—.
‘1 u“
L+j.420

STIFFENER -Sl

AREA =.0324 Ixx =.000374

Fig. 2

.-

—. .
.

.035

@‘1 ‘—-H

Ld.420
STIFFENER -Sa

—

AREA =.0368 Ixx =.000407 .

1“07’”‘F=J-+- -%
.366

FRAME - F& ..

AREA =.0291 Ixx =LS37’XIO-S

Figure 2.- Franc and longitudinal cross sections used on speoimens.
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TENSION

20

9-1o

\5

17-18

I to

COMPRESS1ON

32 IN. DIAMETER

Figure 3.- Cross section of cylinder showing
gages on the oi.rcurnference.

Fig. 3

.

30

>

position of the dial strain



—.

‘.,

.—

.. .



,9

●

,

NACA Technical Note No. 911 FiE. 5

.—

8
.-



.



NAOA Technical Note No. 911 FiQ. 7

8

*

7.. .-. — . . .-—



.-



..

*

i

- ..



.—.—



z



. .
t“

x

.
.

NACA Teolmioal Note No. 911 FIE. 12
.

.



.



,

,

.-



!.

●

.

.
Y



u

/

,



w

.

—
..



*.

.

—



.

●

✎

?

.

a

.



. .
.,

.

-.



.

I

—



NA~A Technical Note No. 911 Fia. 22

.



&,

●

4

.

—,



—.

NACA Teohnical Note No. ,911 Fig, 24

.

..

,.,



.

*

●

.

.

.



a

●

,. ,

NACA Teohnical Note No. 911 Fig. 26
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NACA Technical Note No. 911 Figs. 389

Figure 38.- Pure torsion.

39

.

●

Figure 39. - Combined bending and torsion.
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NAOA Technical Note No. 911 Figs. 40, 41

Mw’e 40.- Combined bending and torsion.

Figure 41.- Puxe torsion. .
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Figure 42.- Pure torsion.
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Figure 43.- Pure torsionO


